Introduction {#s1}
============

Soil-borne plant pathogens like *Rhizoctonia solani* Kühn \[anamorph, teleomorph: *Thanatephorus cucumeris* (Frank) Donk\] are difficult to control [@pone.0068818-GonzlezGarca1], [@pone.0068818-Martin1]. Members of this species can survive as sclerotia for long periods in the soil. These persistent survival structures are considered as an important source of primary inoculum. The pathogen *R. solani* is responsible for crop losses on a wide range of economically important plant species worldwide [@pone.0068818-GonzlezGarca1]. The pre-plant fumigation with methyl bromide (MeBr) was the most effective way to control *R. solani* in the past by killing the sclerotia in the soil. This fumigant has however been banned as MeBr depletes the stratospheric ozone layer (classified as a Class I ozone-depleting substance; EPA, 2006). The complete ban of MeBr and the lack of other effective specific fungicides as well as the increasing demand by consumers for food that is less contaminated with pesticide residues have stimulated research for alternatives to combat soil-borne pathogens by means of biological control [@pone.0068818-Martin1]. Among the control alternatives to the use of chemicals, the application of beneficial bacteria living in association with plant roots is promising [@pone.0068818-Adesemoye1]. Several studies have documented improved plant traits by interaction with plant associated bacteria, such as increased tolerance to biotic and abiotic stress, enhanced yield and increased biomass [@pone.0068818-Grosch1], [@pone.0068818-Ongena1], [@pone.0068818-Adesina1], [@pone.0068818-Mller1].

Bacteria belonging to the Gram-positive genus *Bacillus* are ubiquitous in soil [@pone.0068818-Hallmann1]. *Bacillus* species are attractive for use in farming systems because of their ability to form stable endospores which can survive the preparation of bacterial formulations [@pone.0068818-Piggot1]. Moreover, the ability to form spores is advantageous for storage, thereby increasing the shelf life [@pone.0068818-Tiago1]. Biocontrol activity has been demonstrated by strains of *Bacillus cereus* UW85 shown to suppress several plant diseases through the production of novel antibiotic Zwittermicin A [@pone.0068818-SiloSuh1]. *Bacillus amyloliquefaciens* FZB42 is the type strain for a group of plant-associated *Bacillus* spp. classified as *B. amyloliquefaciens* subsp. *plantarum* [@pone.0068818-Borriss1]. The genome of the strain was sequenced and the analysis showed that FZB42 is a bacterium with impressive capacity to produce metabolites with antimicrobial activity [@pone.0068818-Chen1]. Its antifungal activity is due to non-ribosomal synthesis of the cyclic lipopeptides bacillomycin D and fengycin [@pone.0068818-Koumoutsi1] whilst its antibacterial activity is mainly due to non-ribosomally synthesized polyketides [@pone.0068818-Chen2]. Its plant colonizing ability was demonstrated with a GFP-labelled FZB42 strain on maize and *Arabidopsis* using confocal laser scanning microscopy [@pone.0068818-Fan1]. Beneficial effects on plant growth and disease suppression were documented for *B. amyloliquefaciens* FZB42 on tomato, cucumber and cotton for example [@pone.0068818-Grosch2]--[@pone.0068818-Scholz1].

The genetic group *R. solani* AG1-IB is the causal agent of bottom rot on lettuce and occurs wherever lettuce is grown [@pone.0068818-Davis1]. Although *Bacillus amyloliquefaciens* FZB42 is a commercially available product (RhizoVital®42, ABiTEP GmbH, Berlin, Germany), this is the first study addressing its rhizosphere competence, impact on lettuce growth and health under the influence of pathogen pressure.

The ability to colonize the rhizosphere effectively is a key factor for successfully improving the plant health and suppression of plant pathogens [@pone.0068818-Lugtenberg1], [@pone.0068818-Zhang1]. Poor root colonization and subsequent insufficient production of antimicrobial metabolites can be a reason for inconsistency in activity of bacterial inoculants in the field [@pone.0068818-Haas1], [@pone.0068818-Raaijmakers1]. We hypothesized that FZB42 is a successful root colonizer of lettuce and subsequently could improve plant growth and health due to its ability to produce an array of secondary metabolites. To demonstrate our hypothesis, we performed pot experiments with biotic pressure in the form of *R. solani* inoculation. This was followed by experiments in a naturally pathogen-infested field. To provide a uniform and enhanced pathogen pressure, one set of experiments was performed with an additional pathogen (*R. solani*) inoculation in the field. A spontaneous rifampicin-resistant mutant (FZB42-Rif) which could be easily re-isolated from the rhizosphere was used for evaluation of the colonization ability. In addition to the direct assessment of the rhizosphere competence, knowledge of the interaction of FZB42 with the indigenous microbial community in the rhizosphere can improve our understanding of its ecological consequences in the field. Therefore, the bacterial community structure was studied using the 16S rRNA gene-based fingerprinting method terminal restriction fragment length polymorphism (T-RFLP) at two time points during lettuce growth. The use of molecular DNA-based tools has improved our understanding of microbial inoculants' influence on the indigenous rhizosphere community [@pone.0068818-Adesina1], [@pone.0068818-Gtz1], [@pone.0068818-Grosch3]. Although T-RFLP provides a simplified representation of the dominant members in microbial communities compared to analyses provided by high-throughput sequencing technologies, it is a cost-effective, reproducible and robust method which has been widely used in rapid and effective fingerprinting of soil samples [@pone.0068818-Osborne1]. Additionally, the effect of different modes of application of FZB42 on plant growth and health was studied with the aim of subsequently recommending the effective dosage and application mode to the users of the commercially available product. The efficacy of an inoculant strain can be improved by mode of application based on characteristics of the inoculant and the application mode [@pone.0068818-Ling1].

Materials and Methods {#s2}
=====================

Inoculants Used in this Study {#s2a}
-----------------------------

This study evaluated the effect of *Bacillus amyloliquefaciens* FZB42 on lettuce growth and health. All experiments were performed with the product Rhizovital® 42 liquid (ABiTEP GmbH, Berlin, Germany) which contained vital spores of FZB42 and no further additives with effects on the pathogen and on lettuce plants. A spontaneous rifampicin-resistant mutant (FZB42-Rif) of the bacterial strain was generated as described recently [@pone.0068818-Adesina1] and also used as a formulated product comparable to the wild-type strain. The mutant strain was stored at −80°C in Luria--Bertani broth (ROTH, Germany) containing 20% glycerol supplemented with rifampicin (75 µg ml^−1^).

To rule out the possibility of the mutant FZB42-Rif might having generated multiple physiological defects, the growth rates of wild-type versus rifampicin-resistant mutant were compared in Luria Bertani Broth at 30°C and 200 rpm shaking in three independent experiments. Samples were taken during the exponential growth phase and the amount of cells/ml of each strain was determined by plating on agar plates. To confirm that the rifampicin resistance remains stable during a longer period without antibiotic pressure, cells of FZB42-Rif were cultivated in Luria Bertani Broth without antibiotics at 30°C and 200 rpm shaking in three independent experiments. Samples were taken in intervals corresponding to 5, 10 and 15 generations and cells were plated on agar plates with and without rifampicin. The CFUs of both were compared.

*Rhizoctonia solani* AG1-IB (isolate O1/1 and 7/3) was obtained from the strain collection of the Leibniz Institute of Vegetable and Ornamental Crops (Großbeeren, Germany) and maintained on barley kernels at -20°C. The strain O1/1 was previously isolated from diseased lettuce plants at the experimental field [@pone.0068818-Grosch4]. Hence, this strain belonged to the indigenous *R. solani* AG1-IB population of the experimental field and was used for additional pathogen inoculation.

Design of Pot Experiments {#s2b}
-------------------------

Two separate pot experiments were designed, the first one to study the impact of FZB42 on lettuce growth in presence of *R. solani* (isolate 7/3). In the second experiment, the colonization ability of FZB42-Rif with respect to different spore numbers (10^6^, 10^7^, 10^8^ spores/ml) was investigated. Moreover, the effect of FZB42 and the pathogen *R. solani* on the microbial community was studied by T-RLFP analysis (description see below).

In both experiments lettuce seeds (cv. Tizian, Syngenta, Bad Salzuflen, Germany) were germinated at 18°C in a seedling tray (92 holes) filled with a non-sterile mixture of quartz sand and substrate \[Fruhstorfer Einheitserde Typ P, Vechta, Germany; chemical analysis (mg per l): N = 120, P = 120, K = 170, Mg = 120, S = 100, KCl = 1, organic substance = 167, peat = 309; pH 5.9\] at a 1∶1 ratio (v/v). The seedlings were further cultivated at 20/15°C until planting in growth chamber (York, Mannheim, Germany; 16 h/8 h day/night cycle, 500 µmol m^−2^ s^−1^, 60/80% relative humidity). Lettuce seedlings were planted at 2-leaf stage into pots (500 ml) filled with the same substrate/sand mixture mentioned above and cultivated at 22/15°C until harvest. In the first experiment, lettuce seedlings were planted in pots with *R. solani* (+*Rs*) inoculation. In this case the mixture of quartz sand and substrate was inoculated with ten *R. solani*-infested barley kernels and incubated at 25°C for 1 week until planting. In the second experiment, each plant was drenched with 20 ml spore solution of FZB42 (10^7^ spores/ml) or FZB42-Rif (10^6^, 10^7^, 10^8^ spores/ml) after planting. The pots were watered lightly each day to maintain the substrate moisture and fertilized weekly (0.2% Wuxal TOP N, Wilhelm Haug GmbH & Co. KG, Düsseldorf, Germany). Each treatment included five replicates with five plants per replicate arranged in a randomized block design. Lettuce plants do not form a head during this growth period in pot experiments and the assessment of DS was not possible as compared to the field trial. Previous experiments showed that the pathogen affects the lettuce growth [@pone.0068818-Grosch1]. Hence, the impact of the pathogen was assessed based on shoot dry mass (SDM) 4 weeks after planting.

Design of Field Experiment {#s2c}
--------------------------

The field trial was carried out at the Institute of Vegetable and Ornamental Crops (Golzow, Germany, 52° 34′ N, 14° 30′ E) with alluvial loam (total N 112; P 32.3; K 17.4; and Mg 9.1 mg/100 g soil; pH 6.5), the typical soil type of the area. The field was naturally infected with the bottom rot pathogen *R. solani* AG1-IB (31). The experimental field was divided into beds of 6.75 m^2^ with 11 plants per m^2^. Lettuce seedlings (cv. Tizian) were grown in peat blocks in a greenhouse at 20/15°C (16 h/8 h, day/night cycle), and planted at 3-4-leaf stage by hand in beds in five rows with intra-row and inter-row distances of 30 cm each (75 plants per bed). Each treatment included six replications arranged randomly. Sprinkler irrigation was applied after planting and during the vegetation of lettuce of 6 to 7 weeks [@pone.0068818-Gutezeit1] according to the irrigation schedule controlled by the computer program 'BEREST'. Calculated soil water content and the expected evapotranspiration and precipitation of the next 5 days were the basis of irrigation decisions. A local weather station located 50 m away measured and recorded the air temperature. Within the first 3 weeks weeds were removed by hand. Fertilizer was added based on a chemical analysis of the soil and was applied 1 day before planting (N 100 kg/ha and K 120 kg/ha).

At harvest the SDM and disease severity (DS) were assessed from 18 plants per bed. DS was rated in four categories: 1 - healthy plants without distinct symptoms; 3 - symptoms only on first lower leaves in direct contact with the soil, light brown to dark brown spots, primarily on the underside of leaf midribs; 5 - brown spots on leaf midribs on lower and next upper leaf layer, rotting midribs and leaf blades; and 7 - severe disease symptoms on upper leaf layers, beginning of head rot to total head rot [@pone.0068818-Kofoet1]. The arithmetic mean was calculated based on assessed DS of the individual plants.

The effect of *B. amyloliquefaciens* FZB42 and FZB42-Rif on lettuce growth, DS of bottom rot and microbial community in the rhizosphere of lettuce was studied under two different experimental conditions; i.e. naturally occurring pathogen pressure in the field and at higher pathogen pressure achieved by additional artificial pathogen inoculation (+*Rs*). In these treatments the plants were inoculated with barley kernels (one per plant) infested with *R. solani* (strain O1/1). The kernels were placed 1 cm deep at a distance of 2 cm from each lettuce plant at planting.

Application Mode of FZB42 and FZB42-Rif in the Field Experiment {#s2d}
---------------------------------------------------------------

Lettuce plants were treated with FZB42 or FZB42-Rif at 2-3-leaf stage 1 week before planting into the field beds. Each seedling tray holding 150 plants was watered with 1.74 l spore suspension (10^7^ CFU ml^−1^) of FZB42 or FZB42-Rif respectively. Four days after planting, the lettuce plants at 3-4-leaf stage were treated with a spore suspension (10^7^ CFU ml^−1^) of FZB42 or FZB42-Rif. An amount of 0.5 l spore suspension was applied by hand sprayer to each bed.

The effect of two times application (TTA) before and after planting was evaluated in comparison to a single application (SA) after planting (without treatment of seedlings before planting) for FZB42 and the effect of TTA for FZB42-Rif. Additionally, the effect of a double concentration of FZB42 (TTA2x) was compared to the effect of single concentration of FZB42 (TTA).

Root Colonization by the Inoculant FZB42-Rif {#s2e}
--------------------------------------------

The survival and root colonization efficiency of FZB42-Rif was evaluated at three time points during the growth of lettuce in the field (at planting, 2 and 5 weeks after planting) and in the pot (at planting, 2 and 4 weeks after planting) experiments.

For each sampling time, three plants (field experiment) or one plant (pot experiment) of four replicates respectively were collected. Loosely adhering soil was removed from the roots and 5 g of lateral roots and tap-roots with rhizosphere soil were suspended in 10 ml sterile saline (0.3% NaCl) respectively and shaken vigorously in 100 ml Erlenmeyer flasks containing 15 glass beads (0.6 mm in diameter) on a rotary shaker for 1 h at 307 rpm. The surviving total cell number of FZB42-Rif was determined by plating serial dilutions of the rhizosphere suspension on nutrient agar I (TN 1164, SIFIN GmbH Berlin, Germany) with addition of rifampicin (75 µg ml^−1^) and cycloheximide (100 µg ml^−1^). The Petri dishes were incubated at 28°C for 2 to 3 days before CFUs were counted. Simultaneously, aliquots of the rhizosphere suspension were heated at 90°C for 30 min to destroy the vegetative cells and determine the number of FZB42-Rif spores. The numbers of vegetative cells were calculated based on the assessed total cell and spore numbers. All isolated colonies were checked for the typical morphology of FZB42. To prove the authenticity of re-isolated colonies on selective agar plates, chromosomal DNA was isolated from different morphologically typical colonies and PCR was performed with specific primers for FZB42 as previously described [@pone.0068818-Borriss1]. For analysis of the microbial rhizosphere community, the remaining rhizosphere suspension was centrifuged at 13, 000 *g* for 5 min. The supernatant was discarded and the cell pellet stored frozen at −20°C. Cell pellets of the other treatments were prepared in the same way for analysis of the indigenous microbial rhizosphere community.

DNA Extraction, PCR Amplification, and T-RFLP Analysis {#s2f}
------------------------------------------------------

The total community DNA of the bacterial fraction was extracted from the frozen rhizosphere pellet. Approximately 500 mg fresh weight root material was transferred into 2 ml screw-cap vials that contained 1 g of a mixture of ceramic and silica particles. DNA extractions were performed using the Fast DNA® SPIN Kit for Soil (MP Biomedicals, Eschwege, Germany) according to the manufacturer's instructions. After measurement of the DNA concentration using a NanoDrop spectrophotometer (ND-1000, NanoDrop Technologies, Wilmington, USA), the DNA extracts were stored at −20°C.

For T-RFLP analysis of bacterial communities partial 16S rRNA genes were amplified using the primers 27f-FAM (AGAGTTTGATCMTGGCTCAG) [@pone.0068818-Edwards1] and 907r (CCGTCAATTCCT TTGAGTTT) [@pone.0068818-Lane1]. The reaction mixtures (50 µl) contained 10 ng of extracted DNA as a template and 1X AmpliTaq Gold® PCR Master Mix (Applied Biosystems). A touch-down amplification protocol was followed, which included the following reactions: initial denaturation at 95°C for 5 min, 10 cycles of denaturation at 95°C for 1 min, annealing at 65°C -55°C for 1 min, elongation at 72°C for 1 min followed by 20 cycles of denaturation at 95°C for 1 min, annealing at 55°C for 1 min, elongation at 72°C for 1 min and a final extension at 72°C for 10 min. Polymerase chain reaction (PCR) products were purified using the QIAquick PCR Purification Kit (Qiagen GmbH, Hilden, Germany) as recommended by the manufacturer. The concentrations of DNA fragments were determined using the NanoDrop spectrophotometer.

Approximately 100 ng of purified PCR product was digested overnight, at 37°C with 5 U of MspI in recommended 1X Buffer Tango™ (Fermentas GmbH). Following digestion, samples were desalted on SigmaSpin™Post-Reaction Clean-up Columns (Sigma, Germany); aliquots of 3 µl were mixed with 10 µl of HiDi™ Formamide (Applied Biosystems) and 0.3 ml of the internal DNA standard MapMarker®1000 (BioVentures). The electrophoretic separation of desalted digests was performed on an automated DNA sequencer (ABI 3730, Applied Biosystems, Applera Deutschland GmbH, Darmstadt, Germany) and the lengths of terminal restriction fragments (T-RFs) were determined using GeneMapper® v3.5 software (Applied Biosystems). Signals with a peak height of more than 100 fluorescence units were included in further analyses [@pone.0068818-Osborn1].

T-RFLP Data Processing {#s2g}
----------------------

Raw data from GeneMapper™ were exported to T-REX, an online software for the processing and analysis of T-RFLP data (<http://trex.biohpc.org/>) [@pone.0068818-Culman1]. The T-RFLP data were subjected to several quality control procedures: noise filtering (peak area, standard deviation multiplier = 1), T-RF alignment (clustering threshold = 1 bp), only T-RFs between 50 and 500 bp were included in the analyses. The analysis of data matrices made use of the additive main effect and multiplicative interaction (AMMI) model based on the analysis of variance (ANOVA) [@pone.0068818-Culman2]. The relative abundance of a detected T-RF within a given T-RFLP profile was calculated as the respective signal height of each peak divided by the total peak height of all the peaks of the T-RFLP profile. The T-REX-constructed data matrices were then exported to PAST [@pone.0068818-Hammer1]. Nonmetric multidimensional scaling (NMS) using Bray-Curtis distance measure was also performed in PAST to analyze the data. The AMMI ordination results were graphed as scatter plot provided by T-REX and Microsoft Excel.

Statistical Analysis {#s2h}
--------------------

The data analysis of shoot dry mass (SDM), disease severity (DS) and inoculant densities were performed with the STATISTICA program (StatSoft Inc., Tulsa, Ok USA). The SDM and inoculant densities data were analyzed using ANOVA with Dunnett's test procedure with *P* = 0.1 and the median of DS using nonparametric statistics with the Kruskal Wallis test with *P*≤0.05. The determined cell densities of FZB42-Rif were logarithmically (Log ~10~) transformed before a three-way ANOVA analysis according to Tukey HSD test procedure with *P* = 0.1.

To test the significant differences between T-RFLP groups obtained with T-REX, the data matrices were then exported to PAST [@pone.0068818-Hammer1]. A one-way ANOSIM [@pone.0068818-Clarke1] was performed to reveal R values. The R statistics measure whether a separation of community structure is found (R = 1), or whether no separation occurs (R = 0). Values above 0.75 are interpreted as well-separated, above 0.5 as separated but overlapping and R less than 0.25 as barely separable [@pone.0068818-Clarke2]. The P-values were corrected with the Bonferroni correction to reveal significant differences [@pone.0068818-Ramette1].

Results {#s3}
=======

The Effect of FZB42 and FZB42-Rif on Lettuce Growth and Root Colonization in Pot Experiments {#s3a}
--------------------------------------------------------------------------------------------

A significantly lower lettuce dry mass (2.62 g per plant) was observed under biotic stress with *R. solani* in comparison to the dry mass of the untreated control (6.48 g per plant). A comparable dry mass (6.39 g per plant) in the treatment with FZB42 and pathogen inoculation to the SDM in the untreated control (6.48 g per plant) was observed. Hence, the application of FZB42 to lettuce seedlings could significantly limit the effect of the pathogen.

Lettuce growth was not affected by application of variable spore numbers (10^6^, 10^7^ and 10^8^ spores/ml) of FZB42-Rif in the second experiment. A SDM of 3.1 g per plant was measured in the treatment with 10^6^ spores/ml, compared to 3.5 g per plant in the treatment with 10^7^ spores/ml, and 3.6 g per plant in the treatment with 10^8^ spores/ml. The untreated control had a dry mass of 3.2 g per plant.

The total density (CFU) of FZB42-Rif in the lettuce rhizosphere at all sampling times corresponded to the applied spore numbers at planting and decreased significantly in all treatments (10^6^, 10^7^ and 10^8^ spores/ml) within 4 weeks ([Table 1](#pone-0068818-t001){ref-type="table"}). When comparing the spores versus vegetative cells found 2 and 4 weeks after planting, the spore density of FZB42-Rif decreased significantly in all treatments whereas the density of vegetative cells was not affected in any of the treatments within the 4 weeks.

10.1371/journal.pone.0068818.t001

###### Colonization densities of *Bacillus amyloliquefaciens* FZB42-Rif on lettuce root in pot experiments in respect to applied spore numbers.

![](pone.0068818.t001){#pone-0068818-t001-1}

  Applied spore density \[spores/ml\] and cell form    Log ~10~ CFU g^−1^ root dry mass             
  --------------------------------------------------- ---------------------------------- ---------- -----------
  FZB42-Rif 10^6^                                                                                   
  CFU                                                               5.96 A                 5.72 A     4.95A\*
  Spores                                                              --                   5.63 a    4.08 a\*
  Vegetative cells                                                    --                   4.88 a     4.75 a
  FZB42-Rif 10^7^                                                                                   
  CFU                                                              6.84 BC                6.01 A\*   5.74 BC\*
  Spores                                                              --                   5.82 a    5.27 a\*
  Vegetative cells                                                    --                   5.55 a     5.51 a
  FZB42-Rif 10^8^                                                                                   
  CFU                                                               7.23 C                6.84 B\*    6.41C\*
  Spores                                                              --                   6.59 a    5.10 a\*
  Vegetative cells                                                    --                   6.47 a     6.38 a

Three-way ANOVA according to Tukey HSD test revealed that the time (*P* = 1.28 10^−6^) and the applied spore numbers (*P* = 8.18 10^−9^) significantly affected the total density (CFU) of FZB42-Rif in the rhizosphere of lettuce. Time had a significant influence on the density of cells (*P* = 0.001025). Different capital letters denote significant differences between total densities (CFU) of FZB42-Rif depending on applied spore numbers (10^6^, 10^7^, 10^8^ spores/ml) per column and different small letters between densities of spores and vegetative cells per column (at the same time point). The asterisk denote significant differences in density of FZB42-Rif compared to density at planting (CFU) or to density 2 weeks after planting (spores, vegetative cells).

The Effect of FZB42 and FZB42-Rif on Lettuce Growth and Disease Severity Of Bottom Rot in the Field {#s3b}
---------------------------------------------------------------------------------------------------

A total of 108 plants per treatment (six replicates and 18 plants per replicate) were used to evaluate the effect of the application mode of FZB42 under the two different experimental conditions, natural and higher pathogen pressure, on lettuce growth and DS after a cultivation time of 6 weeks. No significant effect of additional *R. solani* inoculation (*P* = 0.392) on SDM and DS was found based on three way ANOVA ([Table 2](#pone-0068818-t002){ref-type="table"}). A lettuce SDM of 34.3 g per plant on average of all treatments under natural pathogen pressure was measured compared to 31.9 g per plant with additional pathogen inoculation. The application mode of FZB42 significantly affected the lettuce growth and DS of bottom rot (*P* = 0.0473). A two times application with FZB42 (TTA and TTA2x) and FZB42-Rif (TTA) before and after planting resulted in improved lettuce SDM and decreased DS of bottom rot whereas a single application after planting (SA) did not ([Table 2](#pone-0068818-t002){ref-type="table"}). No different effects on lettuce growth and DS of bottom rot were observed when comparing the treatments with FZB42 (TTA) and FZB42-Rif (TTA).

10.1371/journal.pone.0068818.t002

###### Effects of *Bacillus amyloliquefaciens* FZB42 and FZB42-Rif on lettuce growth at two different experimental conditions: natural pathogen pressure and additional inoculation of *Rhizoctonia solani* AG1-IB (*+R*s) in the field.

![](pone.0068818.t002){#pone-0068818-t002-2}

  Treatment          Applica-tion mode   SDM \[g/plant\]    DS
  ----------------- ------------------- ----------------- -------
  Control                   --                26.5          5.0
  FZB42                     TTA              38.9\*        3.0\*
  FZB42                     SA                32.1         3.0\*
  FZB42                    TTA2x             37.2\*        3.0\*
  FZB42-Rif                 TTA              36.8\*        3.0\*
  Control +*Rs*             --                26.4          5.0
  FZB42+*Rs*                TTA               33.0         3.3\*
  FZB42+*Rs*                SA                29.9          4.7
  FZB42+*Rs*               TTA2x             34.5\*         4.0
  FZB42-Rif +*Rs*           TTA              37.0\*        3.0\*

Evaluation of the lettuce shoot dry mass (SDM) and disease severity (DS). Numbers followed by an asterisk in one column are significantly different from the corresponding control according to Dunnett's test procedure *P* = 0.1 for SDM and according to Kruskal Wallis test *P*≤0.1 for DS.

TTA -- two times application 1 week before planting and 4 days after planting.

SA -- Single application 2 days after planting.

TTA2x --two times application with double concentration.

Root Colonization by the Inoculant FZB42-Rif in the Field {#s3c}
---------------------------------------------------------

No significant difference was observed in the growth rate of the FZB42-Rif mutant and the wild type in Luria Bertani Broth. A generation time of 48.1±0.49 min was assessed for FZB42 and of 48.1±2.6 min for rifampicin resistant mutant. Plating of FZB42-Rif cells on agar plates after 5, 10 and 15 generations of growth in Luria Bertani Broth without antibiotic pressure proved that the rifampicin resistance remains stable during a longer period without antibiotic pressure.

The lettuce rhizosphere, including lateral as well as tap-roots, was actively colonized by FZB42-Rif during the growth period of lettuce in the field ([Table 3](#pone-0068818-t003){ref-type="table"}). Three-way ANOVA revealed that the total density of FZB42-Rif decreased significantly from 7.45 to 6.51 Log ~10~ CFU g^−1^ root dry mass (rdm) on average (*P*\<0.001) in the rhizosphere of lettuce within 5 weeks. A significantly higher density of spores (6.73 Log ~10~ g^−1^ rdm) compared to vegetative cells (6.18 Log ~10~ g^−1^ rdm) was assessed at both time points after planting (*P*\<0.0001). Moreover, additional inoculation of *R. solani* has a significant influence on the density of FZB42-Rif in the rhizosphere (6.63 without and 6.51 Log ~10~ CFU g^−1^ rdm with *R. solani* inoculation on average of densities 2 and 5 weeks after planting, *P* = 0.02). The spore numbers of FZB42-Rif decreased significantly within the growth period of lettuce whereas the density of vegetative cells decreased only in the treatment with additional *R. solani* inoculation. Significant differences in density of vegetative cells and spores of FZB42-Rif were found at each sampling time except the treatment without additional pathogen inoculation 5 weeks after planting ([Table 3](#pone-0068818-t003){ref-type="table"}). To make sure that only FZB42-Rif colonies were taken into account all colonies were checked for their typical FZB42 morphology. 25 of these colonies were tested further for their authenticity by PCR with specific primers. All of these colonies obtained the expected bar-code band of 785 bp [@pone.0068818-Borriss1].

10.1371/journal.pone.0068818.t003

###### Root colonization by *Bacillus amyloliquefaciens* FZB42-Rif in the field.

![](pone.0068818.t003){#pone-0068818-t003-3}

  Cell form               Lateral root: Log ~10~ CFU g^−1^ root dry mass                  
  ------------------ --------------------------------------------------------- ---------- ------------
  FZB42-Rif                                                                               
  CFU                                         7.45 a                             7.22 a      6.61 b
  Spores                                     7.25 a A                           7.13 a A    6.44 b A
  Vegetative cells                           7.02 a A                           6.48 b B    6.10 b A
  FZB42-Rif +*Rs*                                                                         
  CFU                                           --                               7.17 b      6.41c
  Spores                                        --                              7.05 a A    6.30 b A
  Vegetative cells                              --                              6.44 b B    5.69 c B
                      **Tap-root: Log ~10~ CFU g** ^−**1**^ **root dry mass**             
  FZB42-Rif +*Rs*                                                                         
  CFU                                           --                               6.09 a      5.15 b
  Spores                                        --                              6.09 a A   5\. 01 b A
  Vegetative cells                              --                              5.50 a B    4.44 b B

Colonization density of FZB42-Rif on lateral and tap-roots at planting, 2 and 5 weeks after planting under the two different management practices, natural and higher pathogen pressure (*+R*s). Three-way ANOVA according to Tukey HSD test revealed that the time (*P* = 2.16 10^−11^) significantly affected the density of FZB42-Rif in the rhizosphere of lettuce and that significant differences (*P* = 3.45 10^−10^) in density between spores and vegetative cells exist.

The data represents the density of FZB-Rif at planting time, hence are the same for both treatments FZB42-Rif and FZB42-Rif+*Rs*.

Density followed by the same small letters denote no significant differences between densities at various time points (per row) and capital letters between densities of spores and vegetative cells at the same time point (per column).

The Effect of FZB42-Rif and *R. solani* on the Rhizosphere Bacterial Community in Pot Experiments {#s3d}
-------------------------------------------------------------------------------------------------

As described above, we found no significant differences in lettuce growth due to application of variable spore numbers of FZB42-Rif. Therefore, we selected only the treatment with 10^7^spores/ml for T-RFLP analysis. Rhizosphere samples collected from inoculated plants, 2 weeks and 4 weeks after inoculation were compared with non-inoculated control plants and plants grown in the presence of the fungus *R. solani* (+*Rs*). The microbial community pattern generated by T-RFLP is grouped into environments as revealed by the ordination results of the AMMI ([Figure 1](#pone-0068818-g001){ref-type="fig"}). Analysis of the datasets showed that the inoculation of FZB42-Rif was not a major source of variation in the pattern, whereas the presence of the *R. solani* was the major driver as captured by the first interaction principal component (IPCA1). The sampling time was the secondary driver of the community structure, separating on IPCA2.

![Effect of *Bacillus amyloliquefaciens* FZB42-Rif application and *Rhizoctonia solani* AG1-IB inoculation on the rhizosphere bacterial community in pot experiments.\
Ordination plot of bacterial community T-RFLP data analyzed with AMMI. Symbols ▴ represent plants treated with FZB42-Rif; ♦ uninoculated controls; ▪ plants grown in presence of *R. solani* (+*Rs*) Red: Sampling after 2 weeks of growth; Blue: Sampling after 4 weeks of growth.](pone.0068818.g001){#pone-0068818-g001}

The Effect of FZB42 on the Rhizosphere Bacterial Community in the Field {#s3e}
-----------------------------------------------------------------------

Plants inoculated with FZB42 versus non-inoculated controls were studied under two different experimental conditions, namely under natural pathogen pressure and with additional pathogen inoculation. Samples were collected from the field 2 weeks and 5 weeks after planting. The T-RFLP groups, referred to as Environments as revealed by the ordination results of the AMMI ([Figure 2](#pone-0068818-g002){ref-type="fig"}), showed that the T-RFs of the rhizosphere bacterial community responded differently to the experimental conditions as well as to time points. Each environment in the T-REX program consisted of 12 T-RFLP patterns (4 plant samples with 3 technical replicates of each). Analysis of the datasets revealed that additional pathogen inoculation (different experimental conditions) was the major driver as captured by the first interaction principal component analysis (IPCA1). The sampling time was the secondary driver of the community structure, separating on IPCA2. There was no major effect of the inoculation of FZB42 on the rhizosphere bacterial community because there was no major source of variation apparent in the pattern.

![Effect of *Bacillus amyloliquefaciens* FZB42 application on the rhizosphere bacterial community in the field.\
Ordination plot of bacterial community T-RFLP data analyzed with AMMI. Symbols ♦ represent plants treated with FZB42; ▪ uninoculated controls. Open data points represent plants with natural pathogen pressure of *Rhizoctonia solani* in the field and closed data points at additional pathogen inoculation of *R. solani* AG1-IB. Red: Sampling after 2 weeks of growth; Blue: Sampling after 5 weeks of growth.](pone.0068818.g002){#pone-0068818-g002}

To examine if non-parametric analyses may yield more discriminatory ordination results, we performed NMS analysis. The ordination produced was very similar to the eigenvector-based method evaluated above (data not shown). The ordination plot clearly distinguished differences in the communities based on experimental conditions and time points. However, the samples from FZB42 application clustered closely with the samples from non-inoculated controls.

The data were further analyzed to test if the mode of application of FZB42 had any significant effect on the rhizosphere microbial community ([Figure 3](#pone-0068818-g003){ref-type="fig"}). The experimental conditions (natural pathogen pressure and additional pathogen inoculation of *R. solani*) were the primary driver of the community structure and that the sampling time was the secondary driver (as revealed by the IPCs). Although some minor differences were observed in case of different modes of application, they did not show a driving effect on the distribution of the T-RFs in the observed community pattern.

![Effect of application mode of *Bacillus amyloliquefaciens* FZB42 on the rhizosphere bacterial community in the field.\
Ordination plot of T-RFLP data analyzed with AMMI showing effect of FZB42 on bacterial community under consideration of the application mode. Symbols: • uninoculated controls; ▪ TTA -- two times application 1 week before planting and 4 days after planting; ♦ SA -- single application 2 days after planting;▴TTA2x -- two times application with double concentration. Open data points represent plants with natural pathogen pressure of *Rhizoctonia solani* in the field and closed data points at additional pathogen inoculation of *R. solani*. Red: Sampling after 2 weeks of growth; Blue: Sampling after 5 weeks of growth.](pone.0068818.g003){#pone-0068818-g003}

Analysis of sources of variation of the dataset revealed that the bacterial communities had a relatively low interaction ([Table 4](#pone-0068818-t004){ref-type="table"}) composed of 14.15% pattern and 1.38% noise. Analysis of similarity between the different communities was performed by using ANOSIM and the resulting R values are depicted in [Table S1](#pone.0068818.s001){ref-type="supplementary-material"}. From these values, it is apparent that the communities changed with time and due to the artificial pathogen application. The shift in the bacterial community was statistically significant as verified by the ANOSIM analysis. This was the case of non-inoculated controls as well as of all modes of applications of FZB42. However, the values of R were close to 0 when inoculated samples were compared with non-inoculated controls for each set ([Table S1](#pone.0068818.s001){ref-type="supplementary-material"}), indicating barely separable differences in the community structure.

10.1371/journal.pone.0068818.t004

###### Percent variation in the bacterial community T-RFLP data revealed by online software T REX.

![](pone.0068818.t004){#pone-0068818-t004-4}

  Source                  FZB42 vs. control   Different modes of application
  ---------------------- ------------------- --------------------------------
  Main Effects                               
  T-RFs                         84.47                     84.65
  Environments                    0                         0
  Interaction Effects           15.53                     15.35
  Pattern                       14.15                     13.71
  Noise                         1.38                       1.64
  Sample Heterogeneity           1.1                       1.5

Discussion {#s4}
==========

In this study we used a combination of pot and field investigations to study the rhizosphere competence of *B. amyloliquefaciens* FZB42 and its impact on lettuce growth and health in presence and absence of the pathogen *R. solani* AG1-IB, and the impact on the indigenous rhizosphere microbial community. Moreover, the effects of different application modes of FZB42 were studied in the field.

Both results of pot and field experiments demonstrated that FZB42 is able to effectively reduce the disease severity of bottom rot caused by *R. solani* AG1-IB on lettuce. The spontaneous rifampicin resistant mutant FZB42-Rif used for colonization studies showed comparable effects on lettuce growth and health as the wild type FZB42. Supporting our hypothesis, the results illustrated a sufficient rhizosphere colonization density of FZB42-Rif of approximately 6.3 to 7.0 Log ~10~ CFU g^−1^ root dry mass in both the pot and the field during the whole growth period of lettuce. But the density was affected by the applied FZB42 spore number and both spores and vegetative cells were present in the rhizosphere. However, in absence of the pathogen, lettuce growth was independent of the applied cell number in the pot experiment. Interestingly, our studies indicated that the density of vegetative cells did not decrease during the growth period of lettuce in absence of the pathogen (pot experiment) and in the treatment without additional pathogen inoculation in the field. In the set of experiments performed with an additional pathogen inoculation in the field it can be assumed that there was a higher pathogen density. Hence, a competition of the vegetative cells and the pathogen for root exudates could be a plausible explanation for the decrease in the number of vegetative cells.

Moreover, our studies demonstrated that the application mode is important for efficacy of the biocontrol effect exerted by FZB42. An effective suppression of *R. solani* was found only after two times application of FZB42 before and after planting (TTA) and this effect was not found to improve significantly by application of higher spore numbers (TTA2x). For the settlement of the inoculated strain in the rhizosphere in a sufficient high number, it might be important that the microflora in the rhizosphere of young plants is not yet stabilized [@pone.0068818-Berendsen1]. Lugtenberg and Kamilova [@pone.0068818-Lugtenberg1] suggested that a high rhizosphere competence of an inoculant strain is a key factor for successful disease control. There are several possible mechanisms of pathogen control, like the production of antifungal metabolites. *B. amyloliquefaciens* FZB42 can produce more than a few secondary metabolites with antifungal and antibacterial activities that apparently enable the bacterium to colonize successfully the highly competitive rhizosphere habitat. Until now, it has not been completely elucidated to what extent secondary metabolites are produced *in situ*. Recent studies have implied that surfactin production by FZB42 may be most important in colonizing plant roots [@pone.0068818-Fan1]. However, in another study with *B. amyloliquefaciens* S499, it has been shown that the antifungal lipopeptides fengycin and iturin A are poorly expressed *in planta* [@pone.0068818-Nihorimbere1]. The elicitation of induced systemic resistance (ISR) can also be a potential mechanism of FZB42 to reduce severity of bottom rot. This was demonstrated by several *Bacillus* spp. strains that suppressed diseases on various hosts [@pone.0068818-Kloepper1]. However, further information from our ongoing studies about the metabolome of FZB42 may further reveal the actual mechanisms which are involved in pathogen control by FZB42.

Although specific microorganisms are able to protect plants against soil-borne pathogens, their efficacy is largely influenced by their interactions with the indigenous microbial community in the rhizosphere [@pone.0068818-Berendsen1]. Therefore, another interest was to study how the rhizosphere bacterial community changes in response to the application of *B. amyloliquefaciens* FZB42. Our analysis revealed differences in responses of T-RFs (bacterial population) to imposed conditions and environments. Hence the TxE interaction effect as calculated with the AMMI in T-REX is of primary interest [@pone.0068818-Culman2]. The interaction effects detected in this study ([Table 4](#pone-0068818-t004){ref-type="table"}) were relatively low, which means that the inoculant had no pronounced effect on the rhizosphere bacterial communities. The relation between the variation and the origin of the samples has been previously described [@pone.0068818-Culman2] and as expected, the variation was low in this case as all the samples were collected from the same field reflecting a short length of ecological gradient. This is also supported by the relatively low beta (β) diversity, which is the variation in species composition among sites in the geographic area of interest ([Table 4](#pone-0068818-t004){ref-type="table"}) [@pone.0068818-McCune1]. Soil-based T-RFLP data has been described as having short gradients and generally not being very complex compared to other types of ecological community data [@pone.0068818-Culman2], [@pone.0068818-Legendre1]. Although the interaction effects were low, the ordination analyses ([Figure 1](#pone-0068818-g001){ref-type="fig"}, [2](#pone-0068818-g002){ref-type="fig"} and [3](#pone-0068818-g003){ref-type="fig"}) could focus on the interaction and the interaction principal components (IPCs) account for nearly the entire interaction signal. Ordination graphs constructed with different methods did not deviate from each other and showed a low complexity of the T-RFLP data, which has been previously described in various ecological studies [@pone.0068818-Culman2].

From our results it is apparent that the application of FZB42, independent of its mode of application, did not have a major impact on the rhizosphere bacterial community -- as also shown for *B. amyloliquefaciens* BNM122 on soybean [@pone.0068818-Correa1]. Previous studies with lettuce treated with inoculants like *Serratia plymuthica* 3Re4-18, *Pseudomonas trivialis* 3Re2-7, *P. fluorescens* L13-6-12 and *P. jessenii* RU47, also merely have a minor and transitory effect on the indigenous rhizosphere community; however they showed field site-specific and seasonal changes [@pone.0068818-Adesina1], [@pone.0068818-Grosch3], [@pone.0068818-Scherwinski1]. Our results revealed a clear shift in bacterial community structure over a time period of between 2 and 5 weeks after planting.

The results clearly indicate that the additional inoculation with *R. solani* AG1-IB showed an effect on the rhizosphere microbial community. This confirms our findings in the pot experiment ([Figure 1](#pone-0068818-g001){ref-type="fig"}) and corroborates previous observations. These studies demonstrated that under high pathogen pressure, *R. solani* affects populations of bacteria and fungi in the rhizosphere [@pone.0068818-Adesina1], [@pone.0068818-Grosch3], [@pone.0068818-Grosch5]. The interaction between the pathogen and the plant can result in changes in the root exudation pattern which influences the indigenous rhizosphere microbial community [@pone.0068818-Hartmann1]. Moreover, alterations in rhizosphere composition upon infection might be affected by induced excretion of antimicrobial compounds by infected roots or through the recruitment of beneficial microbes. Some recent studies have indicated that when they need it, plants do indeed call for microbial help [@pone.0068818-Berendsen1], [@pone.0068818-Lee1], [@pone.0068818-Yang1]. On the one hand, the application of the enhanced pathogen pressure may be an unnatural condition; but on the other, it simulates situations in which the plants are attacked by soil-borne pathogens. Therefore, such experiments can provide insight into the complex interactions occurring in the rhizosphere microbiome.

Confirming our hypothesis, this study indicates that the application of FZB42 on the field grown lettuce is effective in controlling the bottom rot disease not through community effects but via direct interaction or systemic resistance effects. It also shows that the inoculant FZB42 is a good colonizer of the rhizosphere without showing any measurable effects on the rhizosphere bacterial community. Although the T-RFLP analysis does not provide any information on the phylogeny of the rhizosphere bacteria, the observed temporal change in the community profile as well as its response to the presence of enhanced pathogen pressure was well reflected by the T-RFs and the interaction effects. Our ongoing research using next-generation sequencing techniques will reveal more information about the community composition and bring new insights into the interactions of *B. amyloliquefaciens* FZB42 and *R. solani* on the roots of field-grown lettuce plants.
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